Studies on surgery for temporal lobe epilepsy are hampered by lack of information about the actual surgery that has taken place. A method is described for accurately measuring the volumes of resection by MRI after surgery. Ten cases of surgically treated temporal lobe epilepsy (nine non-tailored resections, one selective amygdalohippocampectomy) are presented to show the technique. Indices of extent of resection in both the mesiobasal and lateral temporal lobe compartments have been measured, compared, and evaluated. By comparison with identical preoperative volumetric MRI the hippocampal resections have been correlated with the demonstrated hippocampal volume loss, thought to be of relevance in the aetiology of temporal lobe epilepsy. Detailed postoperative audit in this manner is vital in providing a rational basis for follow up studies of outcome.
Studies on surgery for temporal lobe epilepsy are hampered by lack of information about the actual surgery that has taken place. A method is described for accurately measuring the volumes of resection by MRI after surgery. Ten cases of surgically treated temporal lobe epilepsy (nine non-tailored resections, one selective amygdalohippocampectomy) are presented to show the technique. Indices of extent of resection in both the mesiobasal and lateral temporal lobe compartments have been measured, compared, and evaluated. By comparison with identical preoperative volumetric MRI the hippocampal resections have been correlated with the demonstrated hippocampal volume loss, thought to be of relevance in the aetiology of temporal lobe epilepsy. Detailed postoperative audit in this manner is vital in providing a rational basis for follow up studies of outcome. (7 Neurol Neurosurg Psychiatry 1994; 57:1221 -1227 mesiobasal temporal structures is not new. '5 More recently, however, several units have developed selective mesiobasal resections '6-20 in the belief that lateral neocortical resection may be unecessary for seizure control and can cause postoperative memory deficits especially in neuropsychologically compromised patients. Conversely, a minority of neurosurgeons perform solely lateral neocortical resections with comparable results.2 ' The use of preoperative high resolution volumetric MRI has had an enormous impact on epilepsy surgery planning in general.2-'6 Thus far, however, there has been limited interest in the systematic analysis of the postoperative appearances.827-32 This is an important omission as with the advent of high resolution MRI an objective record of the operative resection is now possible that would not only give technical feedback to the surgeon, but would also give an anatomical basis to outcome studies. In this paper we describe a method for measuring the volumes of resec-The surgical treatment of medically refractory temporal lobe epilepsy secondary to hippocampal sclerosis is a well recognised and often highly successful form of treatment'-'0 with long term seizure control obtained in 60-80% of cases. The optimum surgical resection remains elusive, however, despite attempts to tailor resections to electrophysiological and neuroradiological abnormalities. In particular there is uncertainty over the extent of the resection that is required of the mesiobasal v the lateral neocortical structures to maximise the efficacy of the seizure control while causing minimum neuropsychological morbidity. There are essentially two surgical approaches: firstly, anterior temporal lobectomy (either as a standardised operation or with some tailoring of the resection dependent on the intraoperative electrocorticography"); secondly, more selective resections either of the mesiobasal structures or lateral neocortex localised by preoperative imaging and electrophysiology. Although anterior temporal lobectomy, developed some 40 years ago, '2-'4 remains the gold standard and the routine operation in most centres there is a trend towards the more local procedures where a minimal brain resection is attempted without compromising seizure control. In this regard the concept of selective resection of the tion of the mesiobasal and lateral compartments of the temporal lobe after surgery for temporal lobe epilepsy. In both the preoperative and postoperative studies the posterior limit of the hippocampus was defined as appearing on the coronal slice where the fornix length was maximal.2"0 On the preoperative study the volume and length of the affected hippocampal formation (including alveus and fimbria) were measured. Also, for each patient a hippocampal area morphometric map was constructed according to our previously described method,2' to show the extent and position of any hippocampal volume loss. As the preoperative and postoperative studies had a common defined point for the posterior hippocampal limit it was possible to overlay the hippocampal resection margins on the preoperative graphs (see fig 4) . The area beneath the graph and bound by the resection margins thus defined the hippocampal resection volume. Knowing the total resection volume and the volume of the hippocampal resection the non-hippocampal ("lateral") resection volume could be calculated by subtraction.
Thus for each patient the MRI variables obtained were: (1) hippocampal volume (mm3 preoperative study); (2) hippocampal resection volume (mm3; preoperative hippocampal volume bound by the resection margins obtained from the postoperative study); (3) percentage of hippocampal volume resected ((2)/(1)); (4) hippocampal length (mm; preoperative study); (5) length of hippocampal resection (mm; postoperative study); (6) percentage hippocampal length resected ((5)/(4)); (7) total resection volume (mm3; postoperative study); (8) volume of lateral structures resected (mm3) ( (7)- (2) Volumes are given to the nearest 5 mm' and lengths to the nearest 0 5 mm.
The range of resection volumes in this small sample of 10 cases shows the large variability that can occur between cases having a "standardised" procedure (all except case 9 had a non-tailored anterior temporal lobectomy). This variability is seen with the total (6155-23 690 mm3), hippocampal (680-1665 mm3), and non-hippocampal (4790-22 025 mm3) resection volumes. The variability in the three measures was similar between surgeon A and surgeon B.
In these 10 cases the total resection volume was significantly correlated with the proportion of hippocampal volume resected (correlation coefficient 0-72, p < 0.05)-that is, a larger total resection was significantly associated with a more complete hippocampal resection. With respect to the hippocampal resection itself we believe that the proportion of hippocampal formation resected is of more importance than the actual amount as the more atrophic is the structure the shorter and smaller it will be. Furthermore, there is great variability in the volume and length of normal hippocampi, making comparison in absolute terms problematic. For example, case 10 had 58% of the hippocampal volume resected against 85% in case 5, despite the fact that the actual resection volume was greater (1430 mm' v 1330 mm3). This indicates that case 5 had a more complete resection of a more atrophic (and therefore diseased) hippocampus. Figures 5 and 6 show the relation between the length and volume of hippocampal resection expressed in absolute and in percentage terms. In both instances the simple linear measurements correlate well with the volumetric data (correlation coefficients of 0-77 (absolute measurements) and 0'93 (proportions)). Although this correlation is greater with the resection proportions than with the absolute resection amounts in both cases this reached statistical significance (p < 0-001 and p < 0-01 respectively). In other words the simple linear measurements of hippocampal resection with our technique are a good indication of the hippocampal resection volume. By contrast, both linear measurements (lengths 1 and 2, fig 3) of the extent of the lateral resection correlated extremely poorly with the lateral resection volume (correlation Slice number Figure 4 Morphometric graphs of hippocampal resection area for each patient. The variability in hippocampal volume loss and the varying degree of correlation between the surgical resection and volume loss is clearly shown in all 10 cases. The slices are numbered passing anteriorly from the posterior hippocampal limit at slice 1, and are 1-5 mm thick. The hippocampal area in mm2 is obtained directly from the console screen by pixel counting. Black squares = right hippocampus; white squares = left hippocampus. Arrows indicate resection margins of the diseased hippocampus. In case 2 the slice 18 mm anterior to the posterior hippocampal limit corresponds to figs 1 and 2 and is annotated with a small arrow.
coefficients of 0A49 (1) and 0A47 (2), p > 0-2 (1 and 2)). Figures 7 and 8 show this graphically.
Measurements of the hippocampal surgical specimen by the pathologist had been possible in eight cases and the resection lengths thus obtained were in broad agreement with those obtained by MRI (table; correlation coefficient 0-81, p < 0 01), and were mostly within 2 mm, although in one case (case 5) there was a difference of 7 mm. Caution should be used in the interpretation of these retrospective findings however, for although the mesial structures were by and large removed en bloc the amount of material lost during the dissection (by fine suction and diathermy) is unknown and the pathologist simply measured the specimen that he had received in the normal way.
The morphometric graphs of hippocampal resection for each patient (fig 4) show the relation between the position of the hippocampal resection and the loss of hippocampal volume. In patient 9 for instance, the small resection (stereotactic amygdalohippocampectomy) seems to be extremely well correlated with the localised area of anterior hippocampal volume loss. By contrast, in case 3 the resection has not included 10-5 mm of atrophic hippocampus posteriorly (there were seven MR slices behind the posterior limit of the hippocampal resection).
Discussion
We have described a method for measuring surgical resection of the hippocampal (mesiobasal) and lateral (non-hippocampal) temporal lobe compartments by high resolution MRI. This study came about from the impression gained by our routine use of postoperative MRI in surgery for epilepsy29 that temporal lobe resections for epilepsy may be more variable than the term "standard" temporal lobectomy would suggest and furthermore that the other methods used routinely for estimating the resection amount, such as the manual linear measurements performed at the time of surgery or from postoperative CT or MRI,3-37 are relatively crude. As a result any audit of the efficacy of differing surgical operations is hampered by lack of information regarding the surgery itself.
There have been several attempts to quantify temporal lobe resections by compartmentalisation techniques.827 28332 These methods were designed to answer specific questions regarding temporal lobe epilepsy, however, and are not applicable to other types of resection, do not measure the volume of brain resection in absolute terms, and are laborious to perform. By contrast, we have developed a simple methodology based on 1-5 mm thick contiguous MRI to provide sufficient sampling of the area of interest that is applicable to surgery for all types of epilepsy. In this paper we have described its use in temporal lobe resections for hippocampal sclerosis. A similar methodology is currently being applied to cases of lesional epilepsy. Our method does not use an indirect scoring system to estimate the extent of resection but instead calculates the linear and volumetric resection indices directly. Furthermore by applying the identical MRI protocol to our preoperative studies we have been able to maximise the information of each and accurately correlate the resection with the preoperative imaging abnormality. This is important because of the variability in the temporal lobe to be operated on and the operative resection itself.
Routine use of both preoperative and Lateral resection length-1 (mm) Figure 7 Relation between length 1 (lateral cortical resectzon margin measured to the temporal pole) and the lateral resection volume. 
